1. Introduction
===============

Hydrogen is globally considered to be an efficient and clean energy carrier because of its abundance and high energy density \[[@B1-materials-08-04226],[@B2-materials-08-04226]\]. However, as the low density of hydrogen makes it difficult to store in compressed or liquefied form \[[@B3-materials-08-04226],[@B4-materials-08-04226]\], safe storage and effective release of hydrogen from the storage materials are required for practical fuel cell applications of hydrogen-based technologies \[[@B5-materials-08-04226],[@B6-materials-08-04226],[@B7-materials-08-04226]\]. Recent studies have already shown that ammonia-borane (NH~3~BH~3~; AB) is one of the most promising candidates for chemical hydrogen storage \[[@B8-materials-08-04226],[@B9-materials-08-04226]\] because of its low molecular weight (30.9 g·mol^−1^), high hydrogen content (19.6% wt, 6.5% wt for the first equivalents of H~2~ and 13.1% wt for the second equivalents of H~2~) which is greater than the 2015 target of U.S. Department of Energy (5.5% wt H~2~) \[[@B10-materials-08-04226],[@B11-materials-08-04226]\], nontoxicity, and high stability under ambient conditions for potential fuel cell applications. The catalytic hydrolysis reaction is the preferred way to release hydrogen from AB \[[@B12-materials-08-04226],[@B13-materials-08-04226],[@B14-materials-08-04226]\] because AB has high solubility in water (33.6 g/100 g water) \[[@B15-materials-08-04226],[@B16-materials-08-04226]\] and has high stability in aqueous solution against self-hydrolysis \[[@B17-materials-08-04226]\]. The controllable release of three equivalent H~2~ per mole of AB can be achieved at appreciable rate from the hydrolysis of AB (Equation (1)) in the presence of a suitable catalyst at room temperature \[[@B18-materials-08-04226],[@B19-materials-08-04226]\]:

To date, various homogeneous \[[@B20-materials-08-04226],[@B21-materials-08-04226]\] and heterogeneous \[[@B11-materials-08-04226],[@B22-materials-08-04226],[@B23-materials-08-04226]\] catalysts have been tested in the hydrolysis of AB. Of particular importance, the examples of heterogeneous catalysts that provide notable catalytic performances are ruthenium(0) nanoparticles (NPs) supported on carbon nanotube \[[@B5-materials-08-04226]\], platinum NPs supported on carbon \[[@B24-materials-08-04226]\], colloidal rhodium(0) NPs \[[@B25-materials-08-04226]\], Ni~1-x~Pt~x~ hollow nanospheres \[[@B26-materials-08-04226]\], ruthenium(0), rhodium(0) and platinum(0) NPs supported on γ-Al~2~O~3~ \[[@B27-materials-08-04226]\], palladium(0) NPs supported on carbon \[[@B28-materials-08-04226]\] or grapheme \[[@B29-materials-08-04226]\], iron(0) NPs \[[@B30-materials-08-04226]\], Co(0)/Co~2~B and Ni(0)/Ni~3~B \[[@B31-materials-08-04226]\], poly(N-vinyl-2-pyrrolidone) stabilized nickel(0) NPs \[[@B32-materials-08-04226]\], transition metal-based alloy catalysts \[[@B33-materials-08-04226]\], hollow Ni-SiO~2~ nanosphere \[[@B34-materials-08-04226]\], water soluble laurate stabilized ruthenium(0) \[[@B35-materials-08-04226]\] and rhodium(0) NPs \[[@B36-materials-08-04226]\], poly(4-styrenesulfonic acid-co-maleic acid) stabilized ruthenium(0) and palladium(0) NPs \[[@B3-materials-08-04226]\], zeolite confined copper(0) NPs \[[@B23-materials-08-04226]\], nickel(0) \[[@B37-materials-08-04226]\], cobalt(0) \[[@B38-materials-08-04226]\], palladium(0) \[[@B39-materials-08-04226]\] and rhodium(0) NPs \[[@B40-materials-08-04226]\].

The aforementioned studies clearly reveal that the majority of heterogeneous catalysts that show high performance in the hydrolysis of AB are transition metal NP-based catalytic systems. It is well-known that the use of transition metal NPs enhances catalytic activity as the fraction of surface atoms increases with the decreasing particle size \[[@B41-materials-08-04226]\]. However, these highly reactive transition metal(0) NPs need to be stabilized against agglomeration, which causes a significant decrease in catalytic activity. We have recently reported the synthesis of water-soluble ruthenium(0) NPs stabilized by hydrogenphosphate ion and their catalytic activity in hydrogen generation from the hydrolysis of dimethylamine-borane ((CH~3~)~2~NHBH~3~) at 25 ± 0.1 °C \[[@B42-materials-08-04226]\]. The hydrogen phosphate anion has been suggested as a stabilizer for transition metal NPs with atomic size matching to the O-O distance in phosphate ion \[[@B43-materials-08-04226],[@B44-materials-08-04226]\]. The high catalytic performance observed for these novel water soluble ruthenium(0) NPs in the hydrolysis of dimethylamine-borane ((CH~3~)~2~NHBH~3~; DMAB) prompted us to test the same nanocatalyst in the hydrolysis of AB. Herein, we report the catalytic performance of water-soluble dihydrogen phosphate stabilized ruthenium(0) NPs in terms of activity, lifetime and reusability in the hydrolysis of AB under mild conditions.

2. Experimental Section
=======================

2.1. Materials
--------------

Ruthenium(III) chloride trihydrate (RuCl~3~.3H~2~O), tetrabutylammonium phosphate monobasic ((CH~3~CH~2~CH~2~CH~2~)~4~N\[OP(OH)~2~O\], 99%), dimethylamine borane ((CH~3~)~2~NHBH~3~, 97%), and ammonia-borane (AB) (H~3~NBH~3~, 99%) were purchased from Aldrich. Ethanol (C~2~H~5~OH) was purchased from Merck. The water content of RuCl~3~·*x*H~2~O was determined by TGA and found to be *x* = 3. Deionized water was distilled by water purification system (Milli Q-pure WS). All glassware and Teflon coated magnetic stir bars were cleaned with acetone, followed by copious rinsing with distilled water before drying in an oven at 150 °C.

2.2. Preparation of Water Soluble Dihydrogen Phosphate Stabilized Ruthenium(0) Nanoparticles
--------------------------------------------------------------------------------------------

The synthesis of dihydrogen phosphate anion stabilized ruthenium(0) NPs was carried out by a slight modification of our previously reported method \[[@B42-materials-08-04226]\]. In a 20.0 mL Schlenk tube ruthenium(III) chloride (RuCl~3~.3H~2~0, 0.02 mmol) was dissolved in 10.0 mL deionized water. Then 0.40 mmol tetrabutylammoniumdihydrogen phosphate was added to this solution. After stirring the solution for half an hour at room temperature 0.10 mmol DMAB was added to the reaction mixture. The solution gradually changed its colour from dark red to brown during the reaction at room temperature. The colour change was completed within two hours. The change in colour from dark red to brown is indicative of the formation of ruthenium(0) NPs. The colloidal dihydrogenphosphate anion stabilized ruthenium(0) NPs were found to be stable in aqueous medium, no precipitation was observed after two days of storage under ambient conditions.

2.3. Transmission Electron Microscopy Analyses
----------------------------------------------

The dihydrogenphosphate anion-stabilized ruthenium(0) NPs isolated from the reaction solution by centrifugation were re-dispersed in dichloromethane and one drop of this colloidal solution was deposited on the chloroform-cleaned, carbon-coated Cu TEM grid and the solvent was then evaporated under inert gas atmosphere. Transmission electron microscopy (TEM) images were taken by using a Philips CM-12TEM with a 70 μm lens operating at 100 kV and with a 2.0 Å point-to-point resolution. Samples were examined at magnification between 100 and 400K.

2.4. Testing the Catalytic Activity of Ruthenium(0) Nanoparticles in the Hydrolysis of Ammonia-Borane
-----------------------------------------------------------------------------------------------------

The catalytic activity of ruthenium(0) NPs in the hydrolysis of AB was determined by measuring the rate of hydrogen generation. To determine the rate of hydrogen generation the catalytic reactions were performed in a Fischer-Porter pressure bottle modified with Swagelock TFE-sealed quick connects and connected to an Omega PX-302 pressure transducer interfaced through an Omega D1131 digital transmitter to a computer using the RS-232 module. The progress of an individual hydrolysis reaction was followed by monitoring the increase of H~2~ pressure on Lab View 8.0 program. The pressure *vs.* time data was processed using Microsoft Office Excel 2003 and Origin 7.0 then converted into the proper unit \[volume of hydrogen (mL)\] by using the stoichiometry given in Equation 1. In a typical experiment, 30.9 mg (1.0 mmol) AB was dissolved in 10.0 mL water, (corresponding to a maximum amount of 3.0 mmol = 67.0 mL H~2~ at 25.0 ± 0.1 °C). This solution was transferred with a 50.0 mL glass-pipette into the FP bottle thermostated at 25.0 ± 0.1 °C. Then, aliquot of dihydrogen phosphate anion stabilized ruthenium(0) NPs from the 2.0 mM stock solution was transferred into the FP bottle. The experiment was started by closing the FP bottle connected to the pressure transducer and turning on stirring at 1000 rpm simultaneously. When no more hydrogen generation was observed, the experiment was stopped; an aliquot was then transferred into a quartz NMR sample tube, which was subsequently sealed and then brought out for ^11^B NMR analysis. NMR spectra were recorded on a Bruker Avance DPX 400 MHz spectrometer (128.2 MHz for ^11^B NMR). The conversion of AB to ammonium metaborate (NH~4~BO~2~) was further checked by comparing the ^11^B NMR signal intensities of AB and metaborate anion at δ = −23.9 and 9 ppm, respectively, in the spectra of the solution.

2.5. Determination of Activation Energy for Ruthenium(0) Nanoparticles Catalyzed Hydrolysis of Ammonia-Borane
-------------------------------------------------------------------------------------------------------------

In a typical experiment, ruthenium(0) NPs (0.50 mM Ru) catalyzed hydrolysis of AB (100 mM) was performed by following the same procedure as described in the previous section at various temperatures (10, 15, 20, 25, 30, 35 °C) to obtain the apparent activation energy (E~a~).

2.6. Determination of Catalytic Lifetime of Ruthenium(0) Nanoparticles in the Hydrolysis of Ammonia-Borane
----------------------------------------------------------------------------------------------------------

The catalytic lifetime of ruthenium(0) NPs in the hydrolysis of AB was determined by measuring the total turnover number (TTO). The lifetime experiment was started with a 10.0 mL aqueous solution containing ruthenium(0) NPs (0.10 mM) and AB (200 mM) at 25.0 ± 0.1 °C. When the complete conversion of AB had been achieved, more ammonia-borane was added until no hydrogen gas evolution was observed.

2.7. Recyclability of Ruthenium(0) Nanoparticles in the Hydrolysis of Ammonia-Borane
------------------------------------------------------------------------------------

The recyclability of ruthenium(0) NPs in the hydrolysis of AB was determined by a series of experiments started with a 10.0 mL solution containing ruthenium(0) NPs (0.50 mM) and AB (100 mM) at 25.0 ± 0.1 °C. When the complete conversion is achieved, immediately, another batch of fresh AB (100 mM) was added, leading to further hydrogen evolution from the reaction mixture.

3. Results and Discussion
=========================

3.1. Catalytic Activity of Water-Soluble Dihydrogen Phosphate-Stabilized Ruthenium(0) Nanoparticles in the Hydrolysis of Ammonia-Borane
---------------------------------------------------------------------------------------------------------------------------------------

The water soluble dihydrogen phosphate stabilized ruthenium(0) NPs were prepared from the reduction of the aqueous mixture of ruthenium(III) chloride and tetrabutylammoniumdihydrogen phosphate by DMAB at room temperature, which were then isolated and characterized as described elsewhere \[[@B42-materials-08-04226]\]. The resulting ruthenium(0) NPs were tested as a heterogeneous catalyst in the hydrolysis of AB ([Figure 1](#materials-08-04226-f001){ref-type="fig"}). [Figure 1](#materials-08-04226-f001){ref-type="fig"}a shows the plots of volume of H~2~ generated versus time during the catalytic hydrolysis of AB solution in the presence of ruthenium(0) NPs at different ruthenium concentrations (0.25, 0.50, 1.00, 2.00 mM) and 25.0 ± 0.1 °C. Linear hydrogen generation starts immediately without an induction period, as the experiment was started with a preformed ruthenium catalyst, and continues until the complete consumption of AB present in the reaction medium. ^11^B-NMR spectrum of the reaction solution taken at the end of hydrolysis of AB shows that the triplet signal of AB at δ = −23.9 ppm is completely converted to the singlet of the metaborate anion at δ = 9 ppm \[[@B19-materials-08-04226],[@B24-materials-08-04226]\]. The catalytic activity of Ru NPs in the hydrolysis of AB shows variation with the ruthenium concentration as seen from the inspection of plots shown in [Figure 1](#materials-08-04226-f001){ref-type="fig"}a. Expectedly, the rate of hydrogen generation increases with the increase of ruthenium(0) concentration; with 2.0 mM Ru concentration the reaction is completed within 3.5 minutes at 25.0 ± 0.1 °C. It is noteworthy that the resulting ruthenium(0) NPs are acting as active catalysts even at low ruthenium(0) concentrations; for example, at 0.25 mM Ru concentration (substrate/catalyst ratio = 400) the catalytic reaction is completed within 15 minutes by yielding 3.0 mol H~2~/mol AB at 25.0 ± 0.1 °C. The quantity of ammonia liberated during ruthenium(0) NP-catalyzed hydrolysis of AB was investigated via control tests using copper(II) sulfate or an acid/base indicator, which showed no ammonia evolution in detectable amount in the experiments \[[@B45-materials-08-04226]\]. The rate of hydrogen generation was determined from the linear portions of each plot given in [Figure 1](#materials-08-04226-f001){ref-type="fig"}a and used to calculate the turnover frequency (TOF) values for the hydrolysis of AB at different catalyst concentrations and 25.0 ± 0.1 °C. [Figure 1](#materials-08-04226-f001){ref-type="fig"}b indicates that the TOF values decrease with the increase of catalyst concentration, which is most likely due to the growing particle size. As we kept dihydrogen phosphate concentration at a constant value and increased the ruthenium concentration, under these circumstances one can expect an increase in the size of ruthenium(0) nanoparticles \[[@B46-materials-08-04226]\].

The catalytic activity was determined in terms of turnover frequency (TOF = mol H~2~/mol catalyst × time) and it was found to be 80 mol H~2~/mol Ru.min when the ruthenium concentration is 0.25 or 0.50 mM ([Figure 1](#materials-08-04226-f001){ref-type="fig"}b), which is higher than that obtained by using Ru\@Al~2~O~3~ catalyst (39.6 mol H~2~/mol Ru.min) \[[@B47-materials-08-04226]\] and laurate stabilized Ru(0) NPs (75 mol H~2~/mol Ru.min) \[[@B35-materials-08-04226]\] but lower than that obtained by using Ru/C (430 mol H~2~/mol Ru.min) \[[@B48-materials-08-04226]\], Ru\@MWCNT (329 mol H~2~/mol Ru.min) \[[@B5-materials-08-04226]\] and PSSA-Co-MA stabilized Ru(0) NPs (172 mol H~2~/mol Ru.min) \[[@B3-materials-08-04226]\]. The hydrogen generation rate increases with the ruthenium concentration (observed rate constants (k~obs~): 0.0704, 0.1409, 0.2254 and 0.322 mL·min^−1^ for \[Ru\]: 0.25, 0.50, 1.00 and 2.00 mM respectively). When the hydrogen generation rate is plotted against ruthenium concentration (on logarithmic scale), one obtains a straight line with a slope of 0.84 ([Figure 1](#materials-08-04226-f001){ref-type="fig"}c), which is indicative of the ruthenium(0) NP-catalyzed hydrolysis of AB proceeds first order with respect to the catalyst concentration. The effect of ammonia-borane concentration on the hydrogen generation rate was also investigated. [Figure 2](#materials-08-04226-f002){ref-type="fig"} summarizes the results of a series of experiments performed for ruthenium(0) NP-catalyzed hydrolysis of AB starting with various AB concentrations (50, 100, 200, 400 mM) at 25.0 ± 0.1 °C. The logarithmic plot of observed initial rates versus AB concentration gives a straight line with a slope of 0.50. Thus, it indicates that the rate of ruthenium(0) NP-catalyzed hydrolysis of AB depends on the substrate concentration, at least in the range studied here.

![(**a**) The volume of hydrogen versus time graph for the ruthenium(0) NP-catalyzed hydrolysis of AB (100 mM) started with different ruthenium concentrations at 25.0 ± 0.1 °C; (**b**) plot of *initial* TOF values versus catalyst concentration; (**c**) plot of hydrogen generation rate versus the catalyst concentration, both in logarithmic scale.](materials-08-04226-g001){#materials-08-04226-f001}

![(**a**) The plots of volume of hydrogen generated versus time for the ruthenium(0) NP (0.50 mM) catalyzed hydrolysis of AB starting with different AB concentrations in the range of 50--400 mM at 25.0 ± 0.1 °C; (**b**) the logarithmic plot of hydrogen generation rate versus ammonia-borane concentration, both in logarithmic scale, for the same reaction.](materials-08-04226-g002){#materials-08-04226-f002}

Furthermore, ruthenium(0) NPs show significant catalytic activity in the hydrolysis of AB even at low temperatures ([Figure 3](#materials-08-04226-f003){ref-type="fig"}). For example, they achieve the generation of 3.0 equivalents H~2~ per mole of AB with an initial TOF value of 31.6 min^−1^ at 10.0 ± 0.1 °C. This is the highest TOF value reported for the catalytic hydrolysis of AB at such a low temperature. [Figure 3](#materials-08-04226-f003){ref-type="fig"} shows the plots of hydrogen volume versus time for ruthenium(0) NP-catalyzed hydrolysis of AB at various temperatures. As expected, the rate of hydrogen generation increases with temperature.

![Volume of hydrogen versus time graph for the dihydrogen phosphate anion stabilized ruthenium(0) NP-catalyzed hydrolysis of AB at different temperatures (\[Ru\] = 0.50 mM, \[AB\] = 100 mM).](materials-08-04226-g003){#materials-08-04226-f003}

The values of the observed rate constant (k~obs~) were measured from the linear portion of each plot given in [Figure 3](#materials-08-04226-f003){ref-type="fig"} at six different temperatures and used for the construction of an Arrhenius plot ([Figure 4](#materials-08-04226-f004){ref-type="fig"}). The activation energy for ruthenium(0) NP-catalyzed hydrolysis of AB was found to be *E*~a~= 69 ± 2 kJ·mol^−1^ from the Arrhenius plot. This value is higher than those reported in the literature for the same reaction by using Rh/ γ-Al~2~O~3~ (21 kJ·mol^−1^), Ru/ γ-Al~2~O~3~ (23 kJ·mol^−1^) \[[@B27-materials-08-04226]\], Ru(0)\@MWCNT (33 kJ·mol^−1^) \[[@B5-materials-08-04226]\], laurate-stablized rhodium(0) (43 kJ·mol^−1^) \[[@B36-materials-08-04226]\] and ruthenium(0) NPs (47 kJ·mol^−1^) \[[@B35-materials-08-04226]\], but nevertheless smaller than the values reported in the literature for the same reaction obtained by using nickel powder (70 kJ·mol^−1^) \[[@B26-materials-08-04226]\] and ruthenium/C (76 kJ·mol^−1^) \[[@B49-materials-08-04226]\].

![Arrhenius plot for the dihydrogen phosphate anion-stabilized ruthenium(0) NP-catalyzed hydrolysis of AB (\[Ru\] = 0.50 mM, \[AB\] = 100 mM).](materials-08-04226-g004){#materials-08-04226-f004}

3.2. Recyclability and Catalytic Lifetime of Ruthenium(0) Nanoparticles in the Hydrolysis of Ammonia-Borane
-----------------------------------------------------------------------------------------------------------

The recyclability and catalytic lifetime of ruthenium(0) NPs in the hydrolysis of AB were also explored by performing a series of experiments. When the complete conversion is achieved in the first run for ruthenium(0) NP-catalyzed hydrolysis of AB, another batch of a fresh equal amount of AB was immediately added to the reaction, and this protocol was continued up to fifth catalytic run. The results of these experiments reveal that water soluble dihydrogen phosphate stabilized ruthenium(0) NPs retain 78% of their inherent activity and achieve complete conversion at the fifth catalytic run. The slight decrease in the activity throughout the successive runs may be attributed to the passivation of nanoparticles surface due to the increasing concentration of the metaborate anion, which reduces the accessibility of active sites on the surface of nanoparticles catalyst \[[@B25-materials-08-04226]\]. Additionally, TEM image given in [Figure 5](#materials-08-04226-f005){ref-type="fig"} for the ruthenium(0) NPs sample harvested after the fifth catalytic run shows the aggregation of ruthenium(0) nanoparticles, which can also lead to a reduction in catalytic activity. The corresponding size histogram of ruthenium(0) NPs harvested after the fifth catalytic run reveals that the size of the ruthenium(0) NPs increased to 47.3 ± 5.5 nm at the end of the hydrolysis of ammonia-borane. It should be noted that the mean size of fresh ruthenium(0) NPs prepared using the same methodology was found to be 2.9 ± 0.9 nm \[[@B42-materials-08-04226]\].

![(**a**) TEM image of a dihydrogen phosphate anion stabilized ruthenium(0) NP sample harvested after the fifth run of hydrolysis of AB (the scale bar corresponds to 100 nm); and (**b**) corresponding size histogram.](materials-08-04226-g005){#materials-08-04226-f005}

The catalytic lifetime of ruthenium(0) NPs was determined by measuring the total turnover number (TTO) in the hydrolysis of ammonia-borane. Before the complete consumption of AB present in reaction solution, a new batch of AB was added to provide continuity in the hydrogen generation. The addition of AB is repeated until no more hydrogen evolution was observed. [Figure 6](#materials-08-04226-f006){ref-type="fig"} depicts the plot of turnover number *versus* time determined throughout the catalytic lifetime experiment. Ruthenium(0) NPs, when stabilized, provide 56,800 turnovers over 34 h before deactivation in the hydrolysis of AB at 25.0 ± 0.1 °C ([Figure 6](#materials-08-04226-f006){ref-type="fig"}). This catalytic lifetime value recorded by dihydrogen phosphate-stabilized ruthenium(0) NPs is higher than that of obtained by using PSSA-Co-MA-stabilized ruthenium(0) NPs (51720 mol H~2~/mol Ru) \[[@B3-materials-08-04226]\], RhNPs\@zeolite (47200 mol H~2~/mol Rh) \[[@B40-materials-08-04226]\], Ru\@MWCNT (26400 mol H~2~/mol Ru) \[[@B5-materials-08-04226]\] but lower than that produced using laurate-stabilized rhodium(0) NPs (80000 mol H~2~/mol Rh) \[[@B36-materials-08-04226]\].

![Total turnover number (TTO) *versus* time for the catalytic lifetime of ruthenium(0) NPs (0.50 mM) in the hydrolysis of ammonia-borane at 25.0 ± 0.1 °C.](materials-08-04226-g006){#materials-08-04226-f006}

4. Conclusions
==============

In summary, water-soluble ruthenium(0) NPs stabilized dihydrogen phosphate anion were readily prepared and employed as catalyst in the catalytic hydrolysis of AB under mild conditions. The resulting ruthenium(0) NPs show significantly high catalytic activity in the hydrolysis of ammonia-borane even at low catalyst concentration and temperature. More importantly, they were found to be long-lived heterogeneous catalysts, providing 56,800 turnovers over 34 h in the hydrolysis of AB at 25.0 ± 0.1 °C. The stability of these ruthenium(0) NPs was also investigated, and their recycling tests show that they retain 78% of their initial activity at complete conversion in the hydrolysis of AB, so they can be reused successively in this reaction. In summary, our study reveals that the easy preparation and high catalytic performance of water-soluble ruthenium(0) nanoparticles stabilized by dihydrogen phosphate make them a promising heterogeneous catalyst system for efficient hydrogen generation from the hydrolysis of AB.
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